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Abstract
Atmospheric particulate matter (PM) is a global health concern. PM2.5 is formed
primarily through combustion processes such as automobile use and industrial activity.
Natural sources of PM2.5 result from events like volcanos and wildfires. Upon inhalation,
PM2.5 is small enough to travel deep into the lungs where it can form reactive oxygen
species (ROS), such as hydroxyl radical (OH), causing oxidative damage to pulmonary
tissues. PM2.5 has been linked to cardiopulmonary diseases such as asthma, chronic
obstructive pulmonary disease (COPD), and high blood pressure.
PM2.5 is small enough to remain aloft and travel many hundreds of miles from its
source of origin. During this time, the PM2.5 undergoes atmospheric aging as it is exposed
to reactive gasses in the air, as well as photoreactions upon exposure to sunlight,
potentially making the PM components more toxic. Two significant fractions of PM2.5 are
polycyclic aromatic hydrocarbons (PAH) and environmentally persistent free radicals
(EPFR). Many PAH are photoactive and oxidize in the atmosphere into derivatives that
can cause more oxidative damage than the parent compounds (oxPAH). Both PAH and
EPFR are formed during the combustion process, and both have been suggested as the
source the oxidative toxicity of PM2.5.
The studies reported here explore the aging of PAH, oxPAH, and EPFR as well as
their ability to generate reactive oxygen species in simulated cloud waters. The first study
ii

investigates the stability of EPFR on hexane-derived soot, used as a surrogate for PM2.5,
in ambient conditions. Additionally, a new lower limit on EPFR from environmental
PM2.5 samples was determined resulting in a significant improvement in time-resolution
measurements of ambient EPFR. In the second study, concentrations of OH were
measured of select PAH and oxidized-PAH in conditions designed to mimic individual
cloud droplets exposed to sunlight. Significant concentrations of OH were observed, as
well as the formation of many new products. And finally, the last study investigates the
intersection of the two, quantifying OH formation from both fresh and photo-aged
hexane-derived soot and measuring changes to the soot’s EPFR character. Photo-aged
soot was found to produce almost 60% less OH than fresh soot.
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Chapter 1: Introduction
1.1

Particulate Matter in the Atmosphere
Particulate matter (PM) is comprised of solids and liquids that are suspended in

the atmosphere. They are classified by their size, ranging from about 0.01 µm to about
100 µm in aerodynamic diameter (Figure 1.1). Particles with an aerodynamic diameter
much greater than 10 µm - such as sand - do not generally travel very far from their point
of origin, but smaller PM, those with an aerodynamic diameter of 10 µm and less (PM10)
can remain aloft for some time. Particles with an aerodynamic diameter of 2.5 µm or less
(PM2.5), a subfraction of PM10, can travel many thousands of miles from their source,
making PM2.5 a significant atmospheric pollutant (World Health Organization, 2021).
Natural primary sources of crustal PM include soil, crushed rocks, and sand that
are swept into the air by wind. Oceanic sources such as sea spray, which contains many
salts, minerals, and biological components, can attach to particles in the air or form new
particulate as water evaporates. Additionally, biological sources such as pollen and mold
spores can contribute to atmospheric PM (Hailin et al., 2008; Salvador et al., 2004; Udisti
et al., 2012; Wang et al., 2021; Zeb et al., 2022).
Natural combustion sources such as volcanos and wildfires contribute to PM2.5
(Tang et al., 2020; Vu et al., 2022). Due to climate change, the number and severity of
wildfires worldwide annually has been increasing and is becoming a important
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contributor of PM2.5 pollution in populated areas (Aguilera et al., 2021; Coop et al., 2022;
Hawkins et al., 2022; Vu et al., 2022)

Figure 1.1. Illustration of the relative sizes of particulate matter (EPA, 2021).

Anthropogenic sources of PM are mainly combustion related, and include
automobile exhaust, many industrial processes, coal-fired power plants, and wood stove
cooking. Most combustion-derived PM, both natural and anthropogenic, is in the fine
particulate regime and is comprised of a complex mixture of organic compounds,

2

sulfates, nitrates, and metals. Most of the health effects reported from PM are associated
with PM2.5 due to its ability to travel deep into the lungs (EPA, 2018; Song et al., 2017).
As particles travel in the atmosphere, they are subjected to environmental
conditions that can result in chemical and photo aging. Atmospheric gasses such as ozone
(O3), nitrates (NOx), sulfates (SO42-), hydroxyl radical (OH), and superoxide (O2-•) can
react with the components of the particles. In addition to these gasses, exposure to
sunlight can also catalyze the decomposition of some PM components, resulting in more
polar compounds, which may be more toxic than the parent compounds. Atmospheric
aging of PM has been reported to enhance its ability to generate reactive oxygen species
(ROS) and increase its water solubility (Verma et al., 2015). Another study reported an
increased oxidation potential for photoaged soot, both in the presence of, and without, O 3,
indicating that aged particles may be more toxic than fresh ones (Zhu et al., 2020).
1.2

Environmentally Persistent Free Radicals
Environmentally persistent free radicals (EPFR) are an emerging class of

environmental contaminant which have been detected in significant concentrations on
PM2.5 (Dugas et al., 2016; Wang et al., 2019). A radical is a chemical species with at least
one unpaired electron, and EPFRs are generally comprised of carbon- and oxygencentered organic radicals. In addition to the fact that they are solid phase rather than
gaseous, EPFR are distinct from most environmental radicals in that they are relatively
long-lived. While most radicals are very reactive, with lifetimes on the scale of
nanoseconds, EPFR can persist on the timescale of hours to years (Gehling and Dellinger,
2013). In the 1950s researchers reported the presence of persistent carbon-centered and
3

oxygen-centered radicals on coal and in cigarette smoke (Gibson and Ingram, 1958;
Ingram et al., 1954), but it wasn’t until the early 2000s that interest these radicals
returned (Dellinger et al., 2001). The term, “environmentally persistent free radical,” was
coined in 2007 by Dellinger and associates when they identified these stable radicals on
particles in the post-flame and cool zone regions of combustion systems (Dellinger et al.,
2007).
EPFR are most often associated with high heat combustion systems, with radical
concentrations increasing as temperature increases, to a limit of about 700 ℃ in a
pyrolysis chamber; above 700 ℃, total EPFR concentrations dimmish rapidly (Li et al.,
2014). Additionally, there is strong evidence that there is a burst of new radical formation
as the particles cool (Liao et al., 2014). While most EPFR appear to form at between
about 150℃ and 700℃, recent research suggests that EPFR may also form in ambient
conditions as well (Li et al., 2014; Pan et al., 2019), making them potentially more
widespread than previously thought.
The exact mechanism of formation is still up for debate, but there are two general
methods by which EPFR are believed to form: one is via a transition metal mediated
reaction, and the other involves the trapping of a radical inside a stable organic matrix.
In the transition metal mediated process, an aromatic compound substituted with
an electronegative group, such as -OH or -Cl, can interact with a transition metal, or
metal oxide, through electron transfer (Figure 1.2). Fully aromatic compounds like
anthracene and naphthalene can also interact via a 𝜋-interaction with the metal cation.
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This process occurs between 150ºC and 400 ºC and results in a stable organo-metallic
radical, with the unpaired electron on a carbon or oxygen atom (Li et al., 2014).

Figure 1.2. Suggested transition metal mediated pathway for the formation of EPFRs (Li
et al., 2014).

The ability of a metal to mediate the formation of EPFR appears to be correlated
to its oxidizing strength (Pan et al., 2019). This is supported by recent research which
quantified EPFR formation on catechol in the presence of three metal oxides, CaO, CuO,
5

and Fe2O3. They found that CaO (reduction potential of -2.87 V) resulted in the highest
EPFR formation, while Fe2O3 (reduction potential of 0.77 V) resulted in the least (Qin et
al., 2021).
The second mechanism of EPFR formation involves the development of organic
radicals within large organic matrices such as coal and humic materials. This has been
observed during pyrolysis of solid carbon-based fuels that do not contain much metal,
such as feedstock (Liao et al., 2014) What appears to happen is that as the temperature
increases, organic radicals are formed via homolytic bond cleavage. These radicals can
bond with other compounds or each other, generating larger molecules in the process.
Then, finally, as the particles cool, the radical-rich structure contracts, trapping the
radicals in the large extended organic matrix (Ruan et al., 2019).
Concentrations of EPFR in a sample are measured by using electron paramagnetic
resonance (EPR) spectroscopy, which can detect unpaired electrons via resonance with a
very strong magnetic field. The method is comparable to nuclear magnetic resonance
(NMR) spectroscopy, with the primary difference being that proton NMR is attuned to
protons in the sample, and EPR is attuned to unpaired electrons. Additionally, the
magnetic fields used in EPR are about 1000 times stronger than the fields used in NMR,
making the technique inherently more sensitive (Kaur et al., 2022).
1.3

Polycyclic Aromatic Hydrocarbons and Their Derivatives
Another major component of PM2.5 are polycyclic aromatic hydrocarbons (PAH).

PAH concentrations on PM2.5 vary by location, season, and weather, but have been
reported to comprise between 2% and 27% of PM2.5 by mass (Famiyeh et al., 2021).
6

Because they are contained in fine particulate matter, they can travel long distances from
their source, making them a ubiquitous environmental contaminant. PAH have been
reported in every area of the globe, in the air (Ellickson et al., 2017; Li et al., 2009),
water systems (Baek et al., 1991; Rubio-Clemente et al., 2014; Zhao et al., 2021), and
soil (Volkering and Breure, 2003). They are formed via incomplete combustion, via the
same anthropogenic sources as PM, such as automobile exhaust and industrial activities,
and natural sources such as volcanos and forest fires. They are comprised of two or more
unsubstituted, fused aromatic rings, and are nonpolar, lipid-soluble molecules. The US
Environmental Protection Agency has listed 16 PAH as Priority Pollutants due to their
negative health impacts (Figure 1.3) (EPA, 2014).
PAH, when exposed to sunlight, oxidize into hundreds of highly oxidized compounds
(oxPAH) (Haynes et al., 2019). PAH absorb light in the UV and visible spectrum
(Dabestani and Ivanov, 1999), and enter an excited singlet or triplet state where they can
then react with other available reactive species. In an aqueous environment, such as a
cloud droplet, one such pathway could be dissolved oxygen. Molecular oxygen can
abstract an electron, resulting in a PAH radical and superoxide radical ion, a reactive
oxygen species (ROS). These two can then react with each other to form an oxidized
PAH. Various studies have shown that oxPAH, due to their increased solubility and
bioavailability, can be much more toxic than the parent PAH (Idowu et al., 2019; Li et
al., 2019; Walgraeve et al., 2010). This is because PAH must first be activated, either
enzymatically in a cellular system or via photoactivation, in order to cause oxidative
damage to DNA, while oxPAH do not (Yu, 2002). Additionally, redox cycling of many
7

Figure 1.3. Structures of 16 PAH compounds identified as Priority Pollutants by the US
EPA.

oxPAH, especially quinones, results in significant ROS formation, specifically hydroxyl
radical (OH) (Shang et al., 2012; Yu et al., 2018)
Previous work has also shown a clear pathway from airborne PAH to humic like
substances (HULIS) as the PAH is photoaged (Haynes et al., 2019). HULIS is a
collection of compounds that are analogous to humic acid in soils. HULIS is highly
aromatic, hydrophilic, polar, and relatively soluble organic molecules (Graber and
8

Rudich, 2006). HULIS can act as cloud condensation nuclei in the atmosphere (Dinar et
al., 2006; Kristensen et al., 2012), which has climate forcing potential. Additionally,
HULIS is linked to brown carbon, compounds that absorb solar radiation and contribute
to global climate change (Hems et al., 2021; Liu et al., 2015), as well as are correlated
with severe haze incidences in Chinese megacities (Li et al., 2021).
1.4

Health Impacts of PM2.5 and its Components
Because of its small size, PM2.5 can penetrate deeply into the lungs, where it can

cause oxidative damage to cells (Feng et al., 2016). Studies have shown that PM2.5 in
surrogate lung fluid (SLF) results in significant concentrations of hydroxyl radical
formation (Vidrio et al., 2009) a likely driver of the oxidative damage. Additionally,
ultra-fine PM (0.1 µm and less) may be able to pass into the blood and travel to other
areas of the body where additional damage can occur (Nemmar et al., 2002;
Schraufnagel, 2020). As a result, lifetime exposure to PM2.5 has been linked to
cardiopulmonary diseases (Chan et al., 2008), asthma and chronic obstructive pulmonary
disease (COPD), (Chan et al., 2008; He et al., 2022; Schraufnagel, 2020; Song et al.,
2017), diabetes (Brook et al., 2013, 2012), negative outcomes during pregnancy
(Aguilera et al., 2022), and even cancer (Guo et al., 2020; Katanoda et al., 2011; Ming
Wong et al., 2016; Ostro et al., 2010; Song et al., 2017). The World Health Organization
(WHO) estimates about 4.2 million premature deaths were caused by ambient air
pollution, specifically PM2.5, in 2016. Additionally, these deaths disproportionally impact
developing nations, with 91% occurring in low- and middle-income countries (World
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Health Organization, 2021). EPFR, PAH, and oxPAH are all components of PM2.5 and
each have been implicated in the associated toxicity.
One study reported that EPFR exposure resulted in an increased severity of
influenza in mice (Lee et al., 2014). In this study mice were exposed to an equivalent of
35 µg m-3 of engineered Si-CuO particulates with an AD of less than 0.2 µm and coated
with 1,2-dichlorobenzene-derived EPFR. The concentrations used (35 µm m-3) is
equivalent to the primary 24-hour standard for PM2.5 concentrations as set by the US EPA
(EPA, 2012). In mice exposed to the EPFRs and subsequently infected with influenza, the
authors observed increased morbidity, oxidative stress, decreased survival, as well as an
increase in pulmonary regulatory T cells (Tregs), which suppress immune response. A
previous study reported a control experiment where mice were exposed either to Si-CuO
particulates with EPFR, without EPFR, or only air (Balakrishna et al., 2011) and found
that only mice exposed to the EPFR doped particles have increased oxidative pulmonary
stress, indicating a causal relationship with EPFR exposure.
Studies on the health impacts of PM2.5-bound PAH are less direct, but more
prevalent, as concerns about the impacts of PAH on health has been studied for a longer
time. Most studies are statistical analyses comparing atmospheric PAH concentrations to
illnesses reported in an area. One example is a study that used PAH exposure estimates
from the Occupational Safety and Health Administration (OSHA) and the National
Institute for Occupational Safety and Health (NIOSH) to find an association between
maternal exposure to PAH and congenital heart defects (Patel et al., 2020). A second
example is a study done in Japan which found a positive correlation between chronic
10

cough symptoms and increased in ambient PAH (Olando Anyenda et al., 2016). In this
study, participants logged their daily cough symptoms which were compared to the PAH
concentrations measured in ambient PM samples collected in the same city.
Another study looked specifically at the relationship between PM2.5-bound PAH
and lung function (Mu et al., 2019). In this study 90 participants were evaluated at two
time points, three years apart, and assessed for lung function at each time. The
participants each carried personal PM2.5 samplers for 24 hours to assess their individual
PM2.5 exposure. The concentration of PAH on PM2.5 from each participant was analyzed
and compared to the participant’s lung function, linking exposure to high levels of PAH
to decreased lung function for all PAH analyzed.
Clearly the health impacts of PM2.5, and its components, is a significant concern.
Climate change is already driving an increase in wildfires all around the globe, which
will lead to an increase in combustion related particulate pollution (Coop et al., 2022). A
recent study suggests that PM2.5 derived from wildfires may be more toxic than PM2.5
from other sources (Aguilera et al., 2021), and understanding the chemical changes that
occur as PM2.5 ages in the atmosphere is important. The following chapters investigate
the aging of two key components of PM2.5: PAH and EFPR.
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Chapter 2: Stability of environmentally persistent free radicals (EPFR) in
atmospheric particulate matter and combustion particles
*As published in Atmospheric Environment (Runberg et al., 2020)

2.1

Abstract
Environmentally persistent free radicals (EPFRs) are an emerging area of

atmospheric interest due to their implications in adverse health effects. Previous EPFR
studies have looked at 24-hour averages of EPFR concentration within ambient PM2.5.
However, PM2.5 levels vary diurnally. This study demonstrates instrumental sensitivity
that is adequate to assess EPFR concentrations at a much higher temporal resolution than
previously reported. Ambient PM2.5 samples were collected for 90 minutes at 96 L min-1
and analyzed quantitatively via electron paramagnetic resonance (EPR) spectroscopy. For
environmental samples that had no measurable PM2.5 mass, EPFR concentrations were
found in the range of 1012 spins m-3, which is similar to values that have been reported
previously in other urban locations. Additionally, since combustion products are likely to
contribute to the EPFR portion of PM2.5, hexane generated soot was assessed for radical
stability when exposed to water and ambient atmospheric conditions. Radical
concentrations decreased by about 5% over the course of 88 days, but there was no
difference in degradation rates between wetted and non-wetted soot. This study highlights
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the potential for sub-hourly EPFR monitoring which would allow for better insight into
human exposure.
2.2

Introduction
Unlike familiar environmental radicals such as OH, O2-• and NOx which are

highly reactive and therefore have extremely short atmospheric lifetimes,
environmentally persistent free radicals (EPFRs) have lifetimes ranging from a few hours
to several years (Gehling and Dellinger, 2013). They were first identified on the surface
of aerosols produced during combustion processes (Dellinger et al., 2007), but have also
been identified within the matrix of particulate matter (PM) (Gehling and Dellinger,
2013) as well as in soils (Cruz et al., 2012; Dugas et al., 2016; Jia et al., 2017), dust
(Chen et al., 2019a, 2018a; Dugas et al., 2016; Wang et al., 2019), and on micro plastics
(Zhu et al., 2019), making them a ubiquitous contaminant. EPFRs are a class of radical
that is stable in normal environmental conditions. The carbon-based EPFR signals are
likely to arise from a variety of oxygen-substituted compounds, which often are produced
by combustion of organic matter. The oxygen and nitrogen (heteroatom) content
contributes to the g-value distribution. Pan et al. (2019) have reviewed the literature
concerning sources of EPFR. Persistence of EPFR in aqueous environments is discussed
by Qin et al. (2018).
While EPFRs are found in particles of many sizes, Arangio et al. (2016) reported
that the majority of EPFR present in PM is found in the fine particle regime, or PM with
< 2.5 µm diameter (PM2.5). PM2.5 has been tied to cardiopulmonary diseases and
respiratory problems due to its ability to penetrate deep within the lungs and there is
13

growing evidence that EPFR activity is one of the drivers of PM2.5 toxicity (Balakrishna
et al., 2011; Dellinger et al., 2001; Khachatryan et al., 2011; Tong et al., 2018; Xu et al.,
2019). For example, EPFRs have been reported to produce hydroxyl radicals (OH), likely
catalytically, at about a 10:1 ratio in water (Khachatryan et al., 2011) making them
particularly able to induce oxidative stress in the lungs. Additionally, in the atmosphere,
the propensity of EPFRs to produce reactive oxygen species (ROS) has an impact on
oxidation of organic compounds. Because EPFRs are radicals, the use of electron
paramagnetic resonance (EPR) spectroscopy is the only direct method for quantitation.
EPR analysis of ambient air samples provides an accurate and rapid determination of
EPFR concentration with little-to-no sample preparation needed.
Because of their complex makeup, EPFRs are frequently reported as a number of
“spins” present in a sample, which is equal to the number of unpaired electrons. Previous
studies have quantified ambient air EPFR concentrations ranging from 1014 to 1019 spins
g-1 PM2.5, with collection periods of about 24 hours (Arangio et al., 2016; Chen et al.,
2019a; Gehling and Dellinger, 2013; Shaltout et al., 2015; Wang et al., 2019). However,
data for PM2.5 levels is commonly reported on a mass-per-volume basis (µg m-3) at
hourly resolution and is possible at a minute-by-minute timeframe (Demerjian and
Mohnen, 2008). For EPFR, the reason for 24-hour collection periods is to ensure that
enough PM is collected to i) exceed the detection limit of the EPR spectrometer, ii) be
able to report spin concentrations at a spins-per-mass ratio (spins g-1), and/or iii) collect
enough PM2.5 to run additional chemical analyses. However, EPR spectrometers can be
sensitive enough to detect an EPFR signal after a much shorter period of time, providing
14

improved temporal resolution using a spins-per-volume ratio of air sampled (spins m-3)
instead of relying on PM2.5 mass.
Wang et al. (2019) were among the first to report EPFRs on a spins-per-volume of
air basis. They reported that the mass of PM2.5 collected is not directly related to the spin
concentration in the sample. For example, a higher mass of PM2.5 does not necessarily
equate to a higher spin count. In fact, they found the opposite in some cases. Specifically,
they found that median PM2.5 concentration (µg m-3) was notably lower in spring than in
winter at sampled locations in China, but spin concentration-per-mass (spins g-1) for
spring was higher than winter, but nearly the same when looking at spins per volume of
air (spins m-3). Diurnal variation in spins per volume of air may be more important in
evaluating health implications than only monitoring spins g-1.
The first goal of this study is to investigate the stability of EPFRs in homogeneous
hexane-generated soot when subjected to water and ambient temperatures. Combustion
products such as soot are likely to be major contributors to EPFRs in environmental
samples, so understanding their stability in atmospheric conditions is necessary for
interpretation of atmospheric sampling results. The second goal of this study is to
determine if time resolution better than 24-hr sampling is possible for quantitative EPFR
analysis via EPR spectroscopy in an urban atmosphere.
2.3
2.3.1

Methods
Environmental Air Samples
Air samples were collected consecutively on September 10, 2019 for 90 minutes

each. The sampling site was on the University of Denver campus, on the fourth-floor
15

balcony of the physics building (39º40’21.6”N, 104º57’45.4”W), facing a mostly
residential area. Samples were gathered on 47 mm PTFE membrane disc filters (Teflo,
Pall Corporation) attached to a URG-2000-30ENB Teflon-coated aluminum cyclone
using a flow rate of 96 L min-1, resulting in a PM2.5 size cut. Filters were massed before
and after sampling to a precision of ±10 µg, using a modified EPA Method IO-3.1.15
(EPA, 1999).
2.4

Soot Stability
Soot was generated by burning hexanes (Fischer Scientific, ACS certified) in

open air in a KIMAX petri dish (20 mm depth, 100 mm diameter) and collecting the
resultant soot on an inverted glass funnel. The soot was scraped from the funnel into an
aluminum foil dish using an aluminum scoopula.
To assess the environmentally relevant stability of the EPFRs in the soot, a freshly
prepared bulk sample was divided into two aluminum foil dishes and massed to
approximately 30 mg (measured exactly) of soot each. Five mL of milli-Q water (18.2
MΩ) was added to one dish, submerging the soot, while the other was left dry. Both were
allowed to stand for four days, uncovered in a HEPA-filtered hood, while the wetted soot
dried. The soot was considered dry when the mass returned to within 0.1% of the initial
mass.
Soot (0.8 ± 0.1 mg) was transferred into 1.5 mm ID Pyrex closed-bottom capillary
tubes, to an average sample height of 7.0 ± 0.5 mm (wetted n = 6, non-wetted n = 5). The
soot mass was determined by massing each capillary tube in triplicate before and after the
soot was added. Each tube was capped with Critoseal, and EPR spectroscopy was
16

performed at three time points: i) as soon as the soot was dry (referred to as “fresh” in the
remainder of this manuscript) ii) after 38 days, and iii) after 88 days. Soot was stored in
the capillaries at room temperature (~21 oC) under ambient indoor light.
2.4.1

EPR Analysis of Soot
EPR spectroscopy was performed using a Bruker EMXnano continuous wave

(CW) X-band spectrometer (Bruker BioSpin, Billerica, MA). Soot-filled capillary tubes
were inserted into a 4.3 mm OD quartz EPR tube before being centered in a resonator
with 25 mm height. The tube was rotated in the resonator until a Q value between 3518
and 4105, was achieved. Q values varied less than 0.1% between each timepoint for
individual samples. Spectra were acquired with the following parameters: single scan;
magnetic field 3445-3545 G; sweep time of 168 sec; receiver gain of 10 dB; microwave
frequency of 9.66 GHz; power of 2.00 mW; 100 kHz modulation amplitude of 0.4 mT; a
time constant of 1310.72 msec; and resolution of 1025 points. The power was selected to
be in the linear response regime. The modulation amplitude is approximately equal to the
peak-to-peak linewidth to maximize signal, although it broadened the signal.
2.4.2

EPR Analysis of Ambient Air Samples
Filters were removed from the polymethylpentene support ring using ceramic

coated scissors, rolled into a cylinder, and inserted into a 4.3 mm OD quartz EPR tube for
EPR analysis. The final height of the filter in the resonator was 6 ± 2 mm, which
accounts for less than 30% of the total resonator height, resulting in a highly uniform
magnetic field in the area of analysis. Spectroscopy was performed using a Bruker
BioSpin EMX PremiumX CW spectrometer with an SHQE resonator, which has a higher
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sensitivity than the EMX nano that was used for the study of the soot stability. Spectra
were acquired using the following parameters: frequency of 9.43 GHz; power of 8.0 mW,
which is in the linear response regime; resolution of 1024 points; a sweep width of 100
G; 100 kHz modulation amplitude of 0.4 mT; conversion time of 492 msec; sweep time:
503.8 sec per scan; and a total of six scans summed. This resulted in a total scan time of
just over 50 minutes. The same parameters were used for the spectrum of the reference
soot sample that was used for spin quantitation.
2.4.3

Data Analysis
Spin counts for soot stability analysis were determined by using the spin-count

feature in the Bruker EMXnano Xenon software, after performing a polynomial baseline
correction on the spectra. Spin counts from a single scan were calculated in triplicate and
averaged for the wetted and non-wetted samples, respectively. The Lorentzian and
Gaussian contributions to lineshape were determined by using the least-squares line fit
application in the EasySpin (easyspin.org) computational package that runs on the
MATLAB platform. The g values for all samples were 2.0028 ± 0.0001, typical for
organic radicals, and the uncertainty is defined by the magnetic field calibration. Average
peak width (ΔBp-p, sometimes noted in literature as ΔHp-p) was calculated by finding the
distance on the x-axis between the maximum and minimum y-axis values. This was done
for each soot spectrum and values were averaged for wetted and non-wetted samples,
respectively.
Spin counts for environmental air filters were found by simulating the curve of
the pertinent portion of the air sample spectrum using EasySpin routines and anisotropic
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g values of g1= 1.998, g2= 2.0019, and g3= 2.005. Figure 2.1 shows a representative
simulation. In the environmental samples, the EPFR signal is superimposed on a slope
from another paramagnetic signal that is probably an iron-containing species. The slope
is not an instrumental baseline that typically is removed by a baseline correction, and the
exact shape of the signal is unknown, so only blank subtraction was done for
environmental samples. Additionally, signal analysis was based on a simulation, for
which baseline correction is not needed. Uncertainties related to the lineshape of the
underlying signal contribute to uncertainty in the calculated absolute spin count, which is
estimated to be about 10% for the values reported in Table 2.3. A diluted soot sample was
calibrated for use as a secondary standard (see A1.2) and simulated using the same
EasySpin program. The double integral of the sample simulation (Eaton et al., 2010) was
compared to the double integral of the soot simulation using Equation (2.1) to determine
the number of absolute spins in the sample. Atmospheric spin concentration was found by
dividing the number of spins by the total volume of air (m3) sampled.

𝑆𝑝𝑖𝑛𝑠𝑠𝑎𝑚𝑝𝑙𝑒 =

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝑆𝑝𝑖𝑛𝑠𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
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(2.1)

EPR Signal (a.u.)
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341.6
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Figure 2.1. EPR spectrum of a filter sample exposed for 90 minutes, blank-subtracted
(blue curve), simulation of the EPFR portion of the sample curve created in MATLAB
using the EasySpin package (orange curve), and double integral of the simulated line
(grey curve).

2.5
2.5.1

Results
Soot Stability
Statistical analysis comparing EPR data for wetted and non-wetted soot showed

no significant difference in the spins per gram of soot or peak width at any timepoint.
Table 2.1 lists average values and deviations for each measurement at each of the
three timepoints. Figure 2.2 shows the overlay of the average EPR signals from wetted
and non-wetted soot at each timepoint. Spin concentrations ranged between (2.19 ± 0.13)
20

x 1019 and (2.34 ± 0.12) x 1019 spins g-1 for wetted soot, while non-wetted soot spin
concentrations were between (2.19 ± 0.22) x 1019 and (2.37 ± 0.22) x 1019 spins g-1,
which are consistent with concentrations reported in previous soot studies (Chughtai et
al., 2002).

Figure 2.2. Average EPR signal for (a) fresh soot (b) soot aged 38 days and (c) soot aged
88 day. Blue line is wetted soot and orange line is non-wetted soot. Standard deviation is
shown in shaded areas around the solid spectrum line.
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Wetted
Non-wetted

Wetted
Non-wetted

Fresh
Spins g-1 (x 1019)
2.34 ± 0.12
2.37 ± 0.22
Peak Width
(ΔBp-p) (mT)
0.54 ± 0.01
0.54 ± 0.01

%RSD
6.0%
10%
% RSD
1.3%
1.5%

Aged 38 days
Spins g-1 (x 1019)
% RSD
2.21 ± 0.07
3.6%
2.19 ± 0.22
0%
Peak Width
% RSD
(ΔBp-p) (mT)
0.55 ± 0.01
0.8%
0.55 ± 0.01
0.9%

Aged 88 days
Spins g-1 (x 1019)
% RSD
2.19 ± 0.13
3.6%
2.25 ± 0.18
10%
Peak Width
% RSD
(ΔBp-p) (mT)
0.55 ± 0.01
0.8%
0.55 ± 0.01
0.9%

Table 2.1. Average spins g-1 and ΔBp-p, for wetted and non-wetted soot at three
timepoints, fresh, aged 33 days, and aged 88 days.

At all timepoints, soot samples were simulated as a primarily Lorentzian
lineshape (0.49 – 0.52 mT), which is determined by the electron spin relaxation rate.
There was also a smaller, but significant, Gaussian contribution (0.10 – 0.18 mT), which
indicates the contributions from many unresolved lines (Wertz and Bolton, 1973, p. 36
and 457). The lineshape contributions are summarized in Table 2.2. The Gaussian
contribution increased by about 60% over time, while the Lorentzian component
decreased by about 6%. However, when comparing wetted and non-wetted soot at each
timepoint, the contributions of each component are the same.

Gaussian (mT)
Lorentzian (mT)
Fresh
% RSD
Fresh
% RSD
Wetted
0.10 ± 0.03
27%
0.52 ± 0.00 0.8%
Non-wetted 0.11 ± 0.02
20%
0.52 ± 0.01 1.2%
38 Days
% RSD
38 Days
% RSD
Wetted
0.18 ± 0.01 5.8%
0.50 ± 0.00 0.8%
Non-wetted 0.17 ± 0.01 6.2%
0.50 ± 0.00 1.0%
88 Days
% RSD
88 Days
% RSD
Wetted
0.18 ± 0.01 3.9%
0.49 ± 0.00 0.7%
Non-wetted 0.18 ± 0.01 6.2%
0.49 ± 0.00 0.9%
Table 2.2. Gaussian and Lorentzian contributions to lineshape
22

2.5.2

Environmental Air Samples
Air filters were massed using a micro-balance before and after sampling to assess

how much PM2.5 was collected. However, there was no detectable mass present on the
90-minute filters, to a sensitivity of ±10 µg, nor was there any visual deposit. A blank
filter was also analyzed to ensure that the EPR signal was not an artifact of the filter itself
(Figure 2.3). While there is a signal from the blank in the same region expected for
EPFRs, it is much smaller than the sample filter spectra. For analysis, the blank was

EPR Signal (a.u.)

subtracted from the sample spectrum.

331.6

332.6

333.6

334.6

335.6

336.6

337.6

338.6

339.6

340.6

Field (mT)

Figure 2.3. Unmodified EPR spectra of two different 90-minute ambient air samples
taken the same day (grey and yellow curves) and blank filter (orange).
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341.6

Atmospheric spin concentrations were found to be 1.7 x 1012 spins m-3 and 1.2 x
1012 spins m-3 for the two filters (grey and yellow lines in Figure 2.3, respectively) (Table
2.3). The lineshapes are more complicated than the approximately Lorentzian lineshapes
observed for the soot samples and were simulated with anisotropic lineshapes, consistent
with multiple contributions to the signals. The average g value of 2.0016 is consistent
with carbon-centered radicals, such as those seen in soot and EPFRs (Arangio et al.,
2016; Chen et al., 2019b; Cruz et al., 2012).

S/N1 Double integral of simulated radical signal Absolute spins
Filter 1
4
1.10 x 109
1.47 x 1013
8
Filter 2
4
7.81 x 10
1.04 x 1013
8
Standard
3
8.53 x10
1.14 x 1013

Spins m-3
1.70 x 1012
1.19 x 1012

Table 2.3. 1Noise calculated from last 400 points of empty tube EPR spectrum

2.6
2.6.1

Discussion
Soot
Hexane generated soot was analyzed to determine what, if any, effect water and

ambient atmospheric exposure have on its spin composition. While the properties
changed slightly over time, wetted and non-wetted samples remained indistinguishable
from each other at each EPR analysis timepoint (Figure 2.2) as well as when analyzed via
FTIR (A1.3). This indicates that exposure to water does not affect the bulk composition
of the soot or the overall spin concentration. Small changes in the soot composition do
occur over time as the radical concentration decreased by about 5% after 88 days,
however the degradation is consistent between the wetted and non-wetted samples. This
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stability is consistent with the fact that, over their atmospheric lifetimes, particles
encounter many environments where they become coated with water, yet most of the
radicals remain.
Soot obtained by burning hexane has been shown to contain a wide variety of
species (Jones et al., 2004). The EPR signal observed for soot was simulated as
predominantly Lorentzian with ~20% Gaussian contribution. The largely Lorentzian
lineshape is attributed to collisions of paramagnetic oxygen with radicals within the
sample that decrease the spin lattice relaxation times (Chughtai et al., 1998). The
lineshape is unchanged by wetting (Figure 2.2 and Table 2.3), which demonstrates that
the accessibility of the radicals to oxygen is unchanged. Further, when oxygen is
removed by evacuation from the soot samples (see A1.1 for details on relaxation times),
the linewidths decrease and pulsed EPR measurements find increases in spin lattice
relaxation times. Broadening of EPR spectra by oxygen is a property of many
carbonaceous materials that is strongly dependent on the structure of the solid (Ingram
and Tapley, 1955), so the observed sensitivity of linewidth to oxygen indicates that there
has been little structural change in the soot due to wetting. Within 38 days the Gaussian
contribution increased to about 35% and remained constant for the following 50 days.
These lineshape changes indicate time dependence of the composition of radicals in the
sample. However, the rather modest changes indicate that the overall structure is not
undergoing large changes. At each timepoint the lineshapes were the same, within
estimated uncertainties, for the wetted and non-wetted samples, which shows that
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exposure to water is not the primary factor in determining the stability of the various
contributions to the EPR signal.
2.6.2

Environmental Air Samples
The EPR spectra of the EPFR in PM2.5 samples (Figure 2.3) are more complicated

than the signals from soot (Figure 2.2), indicating a wider variety of environments for the
unpaired electrons. Ambient air EPFR concentrations in this study were found to be
between (1.04 – 1.47) x 1012 spins m-3. This is similar to findings from previous studies
for urban settings (Arangio et al., 2016; Chen et al., 2018b; Gehling and Dellinger, 2013;
Shaltout et al., 2015; Wang et al., 2019; Yang et al., 2017). However, adequate signal-tonoise (S/N) was obtained for the samples in the current study that were collected over a
much shorter period of time. Previous studies have collected PM samples for a minimum
of 24-hour time periods, providing atmospheric spin concentrations at no greater than a
daily temporal resolution. This study demonstrates that much better time resolution is
possible with existing EPR systems.
The S/N for each of the air samples in the current study was greater than 80 which
implies that it will be possible to obtain spectra for samples taken for an even smaller
time period or for lower levels of particulates. Chen et al. (2018) reported an EPFR limit
of detection (LOD) of 6.0 x 1013 spins m-3 assuming a S/N of 3 as the minimum required
for detection. In that study data were acquired using a high volume sampler with flow
rate of 1 m3 min-1, a 5 x 28 mm filter sample supported in a quartz cell, an MS5000
spectrometer (Frieberg Instruments) and data acquisition time of 3 min (Wang et al.,
2019). With the current method, using a more sensitive instrument than used by Chen et
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al., we obtain an LOD of ~5 x 1010 spins m-3. The improvement in LOD was observed in
real samples with overlapping paramagnetic signals and is attributed to two factors: the
higher inherent sensitivity of the Bruker EMX Premium X spectrometer than of the
Freiburg MS5000 spectrometer and the longer data acquisition time. For quantitation, a
S/N of 10 is used, resulting in a LOQ of ~2 x 1011 spins m-3.
2.7

Conclusion
We have shown that a modern EPR spectrometer has sufficient sensitivity to

quantitatively measure the spins present in the volume of particles collected on a filter in
90 minutes in a relatively low-pollution ambient environment, and that even greater
temporal resolution is possible. We have also shown that EPFR spin concentrations and
composition are unchanged by exposure to environmental conditions such as water.
Because of their link to health impacts, monitoring of EPFRs in atmospheric samples at a
spins-per-volume ratio with greater temporal resolution may provide better insight into
human EPFR exposure.
2.8
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A1 Appendix
A1.1 Soot Relaxation Time Measurements
Electron spin relaxation times, the time constants for return to equilibrium after
excitation, provide insight into the structure and dynamics of the environments for
unpaired electrons. Relaxation times were measured on a wetted soot sample using a
Bruker E580 spectrometer, with an ER4118X-MS5 split ring resonator and 1 kW
traveling wave tube (TWT) amplifier. The spin-spin relaxation time T2 was measured
using 2-pulse echo decays with 40, 80 ns pulses, and excitation power selected to
maximize the echo amplitude. The spin-lattice relaxation time T1 was measured by echodetected inversion recovery following 80,40,80 ns pulses. Measurements were made both
in air (the environmentally relevant condition) and after evacuating to less than 5 mTorr
for two hours and then flame-sealing the capillary tube.
If the linewidth of an EPR signal is relaxation determined, the lineshape is
Lorentzian. The ΔBp-p for a Lorentzian line is related to T2 by the expression ∆𝐵𝑝–𝑝 =
2
√3 𝛾𝑇2

=

6.56𝑥10−9𝑚𝑇
𝑇2

where Bp-p is the peak-to-peak linewidth for the EPR 1st derivative signal,  is
the electron gyromagnetic ratio, and T2 is the spin-spin relaxation time. Fits to the
continuous wave (CW) spectra in air are good for Lorentzians with Bp-p = 0.52 mT,
which corresponds to T2 = 12 ns. It is not possible to measure this short T2 in a pulse
experiment because the signal would be fully relaxed within the dead-time of the
instrument. For the wetted sample before evacuation, T2 was approximately 130 ns,
independent of position in the line, within experimental uncertainty. This value
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corresponds to a line width of 0.05 mT, which is much narrower than that observed in the
CW spectra, so the experimental T2 value is attributed to the long-time tail of a
distribution. T1 exhibited a range of values. A fit to a double exponential gave T1 = 0.9
and 4.1 s, but this surely is a surrogate for a distribution of values.
The Bp-p decreased from about 0.5 mT in air to 0.28 mT after evacuation. After
evacuation the 2-pulse echo decay was fit better with a bi-exponential decay than with a
simple exponential decay. The two times, 104 and 260 ns are likely surrogates for a
distribution. Similarly, T1 increased to 1.4 and 7.7 s with a bi-exponential fit. The
narrower line and longer relaxation times are expected when O 2 is removed from solid
carbonaceous samples.
These measurements suggest that the EPR signal is a composite of many species with
a range of line widths and relaxation times.
A1.2 Soot Standard Calibration
Soot was weighed on an analytical balance and blended with potassium bromide
powder using a mortar and pestle to dilute the spin concentration. EPR spectra of the
diluted soot were collected on a Bruker EMXnano (X-band). Spin counts were obtained
using the spin-count application in the Bruker EMXnano Xenon software and measured
for the active height of the resonator (25 mm). Quantitation was performed with the
Bruker built-in sample and verified with a TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidinyl oxy) solution calibration curve. A simulated curve was fit to the spectrum of a
calibrated soot standard containing a spin concentration that was expected to be close to
that of the environmental air filters
35

A1.3 FTIR
Fourier-transform infrared spectroscopy (FTIR) was performed on aged wetted and
non-wetted soot to assess any functional group changes caused by wetting the soot (D5
ATR Diamond, Thermo Scientific). Analysis was performed by doing 30 scans per
sample, and three samples per soot type.
FTIR analysis of wetted and non-wetted soot shows no difference in functional
groups between the two soot types (Figure A1.1). Peaks seen at 3024 cm-1 indicate an
alkene C-H stretch, at 2920 cm-1 indicate an alkane C-H stretch, and a peak between 743759 cm-1 indicate out-of-plane C-H stretch frequently seen in aromatic molecules. This is
similar to FTIR performed on soot in previous studies (Popovicheva et al., 2008; Van Hal
et al., 2019).
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Figure A1.1. IR spectra of wetted (blue) and non-wetted (orange) soot
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Chapter 3: Hydroxyl radical (OH) formation during the photooxidation of
anthracene and its oxidized derivatives – implications in atmospheric photoaging of PAH compounds

3.1

Abstract
Polycyclic aromatic hydrocarbons (PAH) are a ubiquitous atmospheric pollutant,

comprising between 2% and 27% of PM2.5 by mass. They undergo rapid photooxidation
forming oxidized products (oxPAH), and humic-like substances (HULIS). HULIS has
known climate-forcing potential, and oxPAH have been reported to be more toxic than
their parent PAH. The hydroxyl radical (OH) is associated with the photolysis of PAH.
Anthracene and a selection of oxPAH (1-naphthol, 2-naphthol, 1,4-naphthoquinone, 1,4anthraquinone, and 9,10-anthraquinone) were exposed to simulated sunlight for 16 hours
and OH concentration was measured. Formation rates (ROH) were calculated for the first
30 minutes of the reaction. The ROH for 1,4-naphthoquinone was initially very high and
declined logarithmically over the 30-minute interval, while anthracene had a low initial
ROH which then increased linearly over the 30-minute interval. It was determined that the
production of OH is not a sole predictor of HULIS formation: photolysis of both 1naphthol and 2-naphthol result in HULIS formation, but 2-naphthol does not result in a
substantial OH concentration. Conversely, neither 1,4-anthraquinone or 9,10anthraquinone result in HULIS, but OH was seen with 9,10- anthraquinone photolysis.
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This suggests that, while OH is important, pathways resulting in HULIS from PAH
which do not include OH are also significant.
3.2

Introduction
Ambient air pollution is a worldwide health concern. The World Health

Organization reported that there were 4.6 million premature deaths in 2016, which they
attributed to exposure to atmospheric particulate matter, specifically fine particulate
matter, with an aerodynamic radius of 2.5 µm and smaller (PM2.5 ) (World Health
Organization, 2021). These particulates are small enough that they can penetrate deep
into the lungs where they can cause oxidative damage to the tissues there (Feng et al.,
2016; Song et al., 2017; Xu et al., 2019). Most PM2.5 is the result of combustion, either
from anthropogenic sources such as automobile exhaust, industrial processes, and home
wood stove use (Hamad et al., 2015), or from natural sources such as volcanos and
wildfires (EPA, 2018). The composition of PM2.5 varies, but generally is comprised of a
complex matrix of organic compounds, metals, sulfates, and nitrates (Cheng et al., 2021;
Wu et al., 2016). The specific component of PM2.5 that determines its toxicity is not fully
understood, but the polycyclic aromatic hydrocarbon component is suspected as one of
the causes of its acute oxidative toxicity (Marie et al., 2009; Walgraeve et al., 2010).
Polycyclic aromatic hydrocarbons (PAH) make up a significant fraction of total
PM2.5 (Abbas et al., 2018), with the concentration ranging between 2% and 27% of total
PM2.5 mass (Famiyeh et al., 2021). PAH are formed via incomplete combustion and
adsorb to PM2.5 during formation. PAH exposure has been linked to a number of
significant negative health impacts, such as cardiovascular disease (Mallah et al., 2021),
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respiratory issues such as asthma and chronic obstructive pulmonary disease (COPD)
(Låg et al., 2020), and in utero exposure has been linked to congenital heart defects in
humans and mice (Patel et al., 2020; Zhang et al., 2021). Once in the atmosphere, many
PAH are readily photooxidized by sunlight into more polar, and therefore more water
soluble, derivatives (oxPAH) (Behymer and Hites, 1985; Haynes et al., 2019; Huang et
al., 1997; Mallakin et al., 2000; McConkey et al., 2002). Studies have indicated that due
to their increased solubility, oxPAH are more bioavailable than their parent PAH, and in
many cases they are more toxic, due to their higher oxidative potential, and to their
ability to be directly mutagenic. Parent PAH must be activated by an enzyme to do DNA
damage, while oxPAH do not. (Ankley et al., 1994; Idowu et al., 2019; Kummerová and
Kmentová, 2004; Lampi et al., 2006; McCarrick et al., 2019; Meulenberg et al., 1997;
Song et al., 2020; Tomar and Jajoo, 2015; Walgraeve et al., 2010). Some of these oxPAH
undergo further photooxidation in sunlight leading to atmospheric brown carbon and
humic like substances (HULIS), which have climate forcing potential (Gelencsér et al.,
2003; Haynes et al., 2019).
Hydroxyl radical (OH) formation has long been associated with the
photooxidation of PAH (Gelencsér et al., 2003). OH in atmospheric PM forms via at least
three distinct pathways: 1) Fenton and photo-Fenton reactions with iron (Rxn. 1 and Rxn.
2), 2) photoreactions with NOx (Rxn. 3), and 3) with organic carbon (OC) compounds
(Rxn. 4). This study focuses on OH produced via reaction 4, with an emphasis on PAH
and oxPAH as the OC source.
Fe2+ + H2O2 ⟶ OH + Fe3+ + OH40

Rxn. 1

Fe3+ + H2O + hν ⟶ OH + Fe2 + +H+

Rxn. 2

NOx + hν + H+ ⟶ OH + NOy

Rxn. 3

OC + hν ⟶ OC’ + OH

Rxn. 4

Several studies have measured OH concentrations in surrogate lung fluid from
oxidative processes in aqueous PM2.5 extracts (Fang et al., 2020; Jung et al., 2006; Vidrio
et al., 2009) as well as in authentic cloud waters (Anastasio and Jordan, 2004; Arakaki
and Faust, 1998; Bianco et al., 2015; Kaur and Anastasio, 2018, 2017). OH formation
rates from PM2.5 extracts in water under simulated sunlight have been published as well
(Leresche et al., 2021), but concentrations of OH formation from direct photolysis of a
parent PAH and its oxidized derivatives have not been reported.
In order to better elucidate the oxidative pathways of particle phase PAH in the
atmosphere, and better understand which pathways result in OH, the PAH anthracene
(ANT), as well as several of its known oxidation products (i.e., OC’ in Rxn. 4), were
exposed to simulated sunlight for 16 hours. ANT was chosen because it has been found to
comprise anywhere from 2-3% of the total PAH in PM2.5 (Zhen et al., 2021), and is one of
the more photoreactive PAH identified (Haynes et al., 2019). The concentration of OH
from each starting material was monitored at five-minute intervals for the first 30 minutes
to determine OH formation rates, as well as after 16 hours of illumination. Additionally,
two reaction products for the photooxidation of 1-naphthol (1-NAP) were identified, and
a mechanism which results in OH formation is suggested.
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3.3
3.3.1

Methods and Materials
Sample Preparation
The PAH ANT (Aldrich), as well as five oxidized products were investigated.

These oxidized compounds include 1-naphthol (1-NAP), 1,4-naphthoquinone (NAPQ)
(Acros Organics), 2-naphthol (2-NAP) (Aldrich), 1,4-anthraquinone (1,4-ANTQ) (TCI),
and 9,10-anthraquinone (9,10-ANTQ) (Alfa Aesar). Sodium benzoate (SBA) (Aldrich)
was used as an OH probe, and para-hydroxybenzoic acid (p-HBA) (Aldrich) was used as
a standard. All were used as received with no further purification.
Suspensions of ~500 ppm (m/v) PAH or oxPAH (measured exactly) were made in
milli-Q water (18.2 MΩ) and stirred overnight to ensure maximum solubilization. The
majority of the starting materials are not very water-soluble, so a well-mixed, high
concentration, suspension was created. This was done to mimic the fully saturated
environments that can occur in individual cloud water droplets containing PAH and
oxPAH. Just prior to beginning the first trial of each set of reactions, 1.0 mM SBA was
added to the suspension and the mixture was set on a stir plate for 5-10 minutes to allow
the SBA to dissolve.
3.3.2

Photooxidation Reaction
Aliquots of the prepared mixture were poured into two 100 mL Teflon reaction

vessels. Each vessel was massed before being placed into a jacketed, water-cooled glass
beaker for the duration of the reaction time. The mixture was stirred continuously and
kept at a constant temperature of 25℃. One reaction vessel was covered with aluminum
foil to serve as a dark control reaction, while the other was placed under xenon lamp
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equipped with an AM 1.5 Global filter (Oriel Sol 1A, Newport Solar Simulator) which
was calibrated to one sun at sea level at the Sun’s northern hemisphere zenith. Aliquots of
1500 µL were collected from each vessel just before the simulator light was switched on.
Additional 1500 µL aliquots were collected from the lighted reaction every five minutes
through 30 minutes. The reaction was then allowed to continue for a total of 960 minutes
(16 hours), and a final 1500 µL sample was collected from each reaction vessel. At the
end of the reaction time, the vessels were massed again to adjust final
concentrations for evaporative water loss (17±4% over a 16-hour reaction in the
light, and 1±2% in the dark).
3.3.3

HPLC Analysis
Samples were analyzed promptly via reverse phase high performance liquid

chromatography (HPLC) (Agilent 1100 equipped with a diode-array detector (DAD)
configured for 254 nm detection) to determine the concentration of p-HBA. Standards for
p-HBA in milli-Q water were run each day, and fresh standards were prepared weekly
and refrigerated promptly between HPLC runs to minimize p-HBA degradation.
A gradient method was used to optimize identification of the p-HBA peak, using
acetonitrile (ACN) as the organic phase and 0.1% trifluoracetic acid (TFA) in milli-Q
water as the aqueous phase. A sample injection volume of 10 µL was run through a C18 Hydro-RP 250 × 4.6 mm column (Phenomenex) using flow rate of 1 mL/min. The
method begins with 10% ACN, and ramps to 80% over eight minutes. This is followed
by a four-minute hold period before ramping again to reach 100% ACN at 13 minutes,
with a final five-minute hold, ending at 18 minutes.
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3.3.4

GC-MS Analysis
Samples of 16-hour photo-reacted 1-NAP, with the OH probe omitted, were also

analyzed via gas chromatography mass spectroscopy (GC-MS) to confirm, qualitatively,
the presence of specific products believed to form during the proposed reaction pathway.
Reactions were performed as described in section 3.3.2, apart from the exclusion of SBA
as an OH probe.
3.3.4.1 GC-MS Sample Preparation
At the end of the 16-hour reaction period, 500 µL aliquots were collected and
added to 600 µL centrifuge tubes, which had been pre-rinsed with acetone. The tubes
were then centrifuged for 10 minutes at 10,000 rpm to separate the soluble and insoluble
fractions.
The soluble fraction (supernatant) was extracted to acetonitrile (ACN) via saltassisted liquid-liquid microextraction (SALLME). Approximately 0.05 g NaCl (measured
exactly) was measured into clean centrifuge tubes and 300 µL of the sample supernatant
was added. The mixture was vortexed at 7000 rpm until the salt was fully dissolved
(approximately 5-10 seconds). Then 200 µL ACN was added, and the tubes were briefly
vortexed again (2-3 seconds) before being centrifuged for 10 minutes at 10,000 rpm.
After centrifugation, 75 µL of the top organic layer was transferred to a vial for GC-MS
analysis. Samples were prepared in triplicate and the three were combined for analysis
(total 225 µL), with an additional 1000 µL of ACN added to bring the vial up to volume.
The insoluble fraction (pellet) was separated from the supernatant and dissolved
in 200 µL ACN and transferred to a vial for GC-MS analysis. The sample tube was rinsed
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twice more with 200 µL ACN, which was added to the GC-MS vial. As with the soluble
fraction, three samples were combined for analysis.
3.3.4.2 GC-MS Method
GC-MS analysis was performed on an Agilent 7820A GC system coupled to a
5977B GC/MSD. Helium gas was used as the carrier. The column was an Agilent
19091S-433UI column with 30 m x 250 μm x 0.25 μm dimensions. Injection volume was
1 µL, splitless, and flow rate was 1.2 mL/min. The initial temperature was 120 °C, with a
hold time of 2 minutes. The temperature was increased at 40 °C/min to 155 °C, then at 1
°C/min to 160 °C. The ramp rate was increased to 30 °C/min to 250 °C and held for 1
min, followed by a final ramp at 30 °C/min to 325 °C and held for 1 min, for a total
runtime of 15.4 minutes. Analysis was preformed using Agilent MassHunter Qualitative
Analysis Navigator (B.08.00) and NIST MS Search (2.3).
3.3.5

Determination of [OH]
Benzoate forms several products when exposed to OH, including p-HBA, o-HBA

and m-HBA. Sodium benzoate (SBA) was employed as an OH scavenger because it
rapidly and preferentially forms p-HBA when exposed to OH (Wu et al., 2017), and this
product was used as a proxy to quantify OH production. While OH is known to react with
PAH at rates similar to SBA (Benzinger, 2010), SBA is 102 to 107 times more soluble
than any of the starting materials, making it more readily available to react with any
aqueous OH. The fraction of OH that forms p-HBA (Yp-HBA) was determined via control
reactions of SBA and hydrogen peroxide (HOOH) using a method described by Arakaki
and Faust (1998) (Arakaki and Faust, 1998). Briefly, 0.2 mM HOOH was reacted with 1
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mM SBA under simulated sunlight as described in 2.2 and p-HBA was measured using
the HPLC method described in 2.3.
The rate of conversion from SBA to p-HBA (RSBA⟶p-HBA) was determined by
dividing the measured p-HBA (M) by the reaction time (seconds). Then, the p-HBA yield
was calculated using Eq. 1, where jHOOH⟶OH-sun is the photolysis rate constant for HOOH
→ OH under sunlight (2.4 x 10-6 s-1) (Arakaki and Faust, 1998).

𝑌𝑝−𝐻𝐵𝐴 =

𝑅𝑆𝐵𝐴→𝑝−𝐻𝐵𝐴
𝑗𝐻𝑂𝑂𝐻→𝑂𝐻,𝑠𝑢𝑛 [𝐻𝑂𝑂𝐻]0

Eq. 1

The yield was not constant for the duration of the reaction, with Yp-HBA
determined to be 0.56 ± 0.01 for the full 16-hour reaction. The rate was near unity
through the first hour of the reaction (A2.1). Finally, OH concentration was determined
by using Eq. 2, and then blank subtracted.

[𝑂𝐻] =

3.4
3.4.1

[p-HBA]
𝑌𝑝-𝐻𝐵𝐴

Eq. 2

Results and Discussion
OH Formation
Concentrations of OH (mM), normalized to the initial concentration of the PAH

or oxPAH (M), were determined for each of the starting materials (SM) investigated. The
largest concentration of OH after 16 hours resulted from the photolysis of NAPQ at
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32.1 ± 0.7 mM M-1, followed by ANT at 27.4 ± 0.4 mM M-1. The photolysis of 1-NAP
and 9,10-ANTQ resulted in a moderate concentration of OH, with 9.6 ± 0.1 mM M-1 and
5.5 ± 0.3 mM M-1, respectively. Both 1,4-ANTQ and 2-NAP produced very little OH
over the course of the 16-hour reaction, with 1.2 ± 0.1 mM M-1 and 0.6 ± 0.1 mM M-1,
respectively (Figure 3.1). The concentrations of the starting materials were approximately
500 ppm, which is significantly higher than the concentrations of resultant OH. There are
limited studies with which to compare these results, but these concentrations are similar
to those reported for the photo-aging of PM2.5 extracts (Leresche 2021), as well as those
seen in non-lighted reactions with surrogate lung fluid (Cheng et al., 2020). Additionally,
while there are many studies highlighting the photo-oxidation of organic materials, there
are no studies, to our knowledge, reporting explicitly measured concentrations of OH that
result from photooxidation of PAH or oxPAH.

47

Figure 3.1. Ratio of total OH (mM) formed after a 16-hour reaction, per M of starting
material (SM). Error bars represent one standard deviation of three trials.

In examination of the first 30 minutes of the reaction, the normalized cumulative
OH concentrations vary widely between the highest producing OH compounds, NAPQ
and ANT, and all other compounds (Figure 3.2a). When looking only at the naphthols
and anthraquinones (Figure 3.2b), there is a distinct separation between two groups in the
lower end as well, which correlates with the moderate and low OH concentrations seen
after 16 hours. 1-NAP and 9,10-ANTQ are in one group, with a modest but consistent
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increase in total OH over the 30-minute period, and 2-NAP and 1,4-ANTQ are in the
other group, with concentrations of OH near zero, and little increase.

Figure 3.2. Cumulative OH concentrations, normalized to the initial concentration of the
starting material (SM), for all compounds studied, reported at five-minute increments.
The top plot (a) includes results for all six compounds studied, while the bottom plot (b)
zooms in on the four compounds that result in lower OH concentrations (1-NAP, 2-NAP,
9,10-ANTQ and 1,4-ANTQ). Error bars represent one standard deviation of three trials.

3.4.2

OH Formation Rates
The difference in OH concentration between timepoints was used find the

incremental OH formation rates (ROH). The first 30 minutes was selected because the ROH
of the bulk suspension can change depending on its components. Some of the compounds
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are photooxidized into derivatives that are potentially more photoactive than the parent
compound. None of these were above a detectable limit within the first 30 minutes,
allowing OH formation to be assessed for each starting material.
ANT (Figure 3.3a) increased nearly linearly for the duration of the 30 minutes,
with an ROH of starting at 0.01 ± 0.01 mM M-1 min-1 and ending at 0.06 ± 0.01
mM M-1 min-1 over the final interval measured. NAPQ (Figure 3.3b) had an initial rate of
0.441 ± 0.001 mM M-1 min-1 and a final rate of 0.108 ± 0.002 mM M-1 min-1, with a
decrease following a logarithmic curve. The ROH for remaining compounds (Figure 3.3cf) resulted in essentially flat curves for the datapoints available (15-30 minutes only for 1NAP because the OH concentration was below the quantitation limit for the first
datapoint). 1-NAP had an average ROH of 0.011 ± 0.002 mM M-1 min-1, while 9,10ANTQ had an average ROH of 0.008 ± 0.003 mM M-1 min-1. Both 2-NAP and 1,4-ANTQ
had curves of essentially zero, with average ROH of 0.001 ± 0.003 mM M-1 min-1 for each.
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Figure 3.3. OH formation rates (ROH) as a function of reaction time, normalized to the
initial concentrations of the starting materials. Error bars represent one standard deviation
of three trials.

The increasing ROH seen with ANT suggests that its photolysis results in the
formation of other photoactive products, that in turn drive additional OH formation. As
the concentrations of these products increase over time, the ROH for the bulk reaction also
increases. Photo-active products such as NAPQ have been previously identified as
products in this reaction pathway, and, while their concentrations are below the detection
limit within the first 30 minutes of the reaction, they are likely contributing to the
increasing ROH.
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For NAPQ, the inverse is occurring. NAPQ initially results in a large ROH (Figure
3b), markedly higher than from ANT, with a decrease following a logarithmic curve,
indicating that as the reaction progresses, the NAPQ is converted into products that do
not produce as much OH, thus the decrease in ROH.
Additionally, these reactions are expected to occur in the aqueous phase of a fully
saturated mixture. So, as the more soluble oxidized products are formed, they replace the
starting material in solution. The more-soluble products of ANT (NAPQ in particular) are
photoactive, while the soluble products from NAPQ are not.
The rates of the other four compounds (Figure 3c-f) can be explained similarly:
they do not produce much OH on their own, nor do they result in more soluble products
that do produce OH.
These rates are consistent with those from other studies. OH formation rates from
direct irradiation of dissolved organic materials in surface lake water were reported in the
range of 10-4 to 10-5 µM min-1 (Vione et al., 2006), and on the order of 10-4 µM min-1
mgC-1 L for water soluble PM2.5 extracts (Leresche et al., 2021).
3.4.3

New Product Formation, HULIS and OH
HULIS is comprised of an assortment of organic compounds with characteristics

similar to those of humic acids in soil. They are relatively large, oxygenated, polar, and
hygroscopic compounds that absorb visible light. For the purposes of this study, the
starting material was said to have formed HULIS when, after 16 hours of illumination,
many new products were observed on the HPLC trace and an increase in light absorption
was reported (A2).
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Both ANT and NAPQ resulted in significant OH formation and HULIS. Both 1NAP and 2-NAP resulted in HULIS, but only 1-NAP had significant OH production.
Neither anthraquinone resulted in significant new product formation, or changes in light
absorption, but 9,10-ANTQ did result in a moderate amount of OH production.
Two products, out of several that formed during photolysis of 1-NAP, were
identified via GC-MS analysis and confirmed via a NIST MS (Version 2.3) database
comparison. The first was identified in the soluble fraction as 5-hydroxy-1,4naphthoquinone (5H-1,4NQ). The MS matched to the NIST MS database for 5H-1,4NQ
at 76.8% (Figure A2.3). This, coupled with a retention time match is good evidence that
5H-1,4NQ is being formed. A second peak was observed in the soluble fraction and is
likely a dimer or an isomer with a very similar fragmentation pattern to 5H-1,4NQ
(Figure 4a, peak 2). The concentration of 5H-1,4NQ could not be determined, but a firstorder approximation of the presumed isomer, using a ratio of peak area from stock 5H1,4NQ, resulted in a concentration of approximately 10-20 µM.
The second compound identified was NAPQ (Figure 4b, peak 3), observed in the
insoluble fraction. NAPQ was identified with a 98.1% NIST match. This comprised a
significant percentage of the insoluble fraction, with a peak area equaling 28% of the
total insoluble 1-NAP peak area, the NAPQ concentration in the bulk sample was
between 30-40 µM. Additionally, at least four peaks for which no identification could be
made were observed in the insoluble fraction. Mass spectral analysis of these indicates
compounds with a hydrocarbon-like pattern (Figure A2.4).
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Figure 3.4. Gas chromatography (GC) of the soluble (a) and insoluble (b) fractions of a
500 ppm 1-NAP sample after exposure to simulated sunlight for 16 hours, method blank
subtracted. Identified compounds are 1-NAP (1), 5H-1,4NQ isomer (2) (top inset shows
MS), NAPQ (3) (bottom inset shows MS), and an unknown method contaminant (4).
There are additional unidentified peaks in the insoluble fraction. Additional mass spectra
are available in 3.5A2.

3.4.4

Discussion
The results can be broken down into groups that have high-OH, medium-OH, and

low-OH yields (Table 3.1). Presumably, the overall OH formation from the photolysis of
ANT is some weighted average of the OH generated from ANT itself, and the OH
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subsequently generated from its photolysis products. Supporting this, we see that while
both ANT and NAPQ ultimately result in a relatively large concentration of OH after 16
hours, the ROH for NAPQ decreases dramatically over the initial 30 minutes, while the
ROH over the same period for ANT increases. Any products in the mixture at this time
were below the detection limit of the HPLC, but literature suggests that photo-oxidation
of ANT preferentially forms 9,10-ANTQ, (Mallakin et al., 2000) which results in HOOH
as a biproduct. But this alone does not explain the increasing ROH observed with ANT.
NAPQ and its derivatives have also been reported as products of ANT photolysis,
(Haynes et al., 2019) and it is possible that the much larger initial ROH of the newly
formed NAPQ is driving the increasing ROH seen with ANT.

ANT

16-Hour [OH]
(mM M-1)
8.50 ± 0.13

NAPQ

10.0 ± 0.2

High

0.342 ± 0.002

Decreasing

yes

1-NAP

2.93 ± 0.01

Medium

0.013 ± 0.001*

Flat

yes

9,10-ANTQ

1.61 ± 0.09

Medium

0.003 ± 0.001

Flat

no

2-NAP

0.11 ± 0.03

Low

0.006 ± 0.001

Flat

yes

1,4-ANTQ

0.25 ± 0.02

Low

0.00 ± 0.000

Flat

no

Compound

High

Initial ROH
(mM M-1 min-1)
0.030 ± 0.002

ROH 30-min
Change
Increasing

OH Production

HULIS
yes

Table 3.1. Summary of results. Rates are after the first 5 minutes of illumination except
where noted.
*rate is from the second interval, as there was no measurable OH after the first 5 minutes

It has been speculated for some time that OH was involved with the reactions of
organic compounds in the atmosphere as they form HULIS (Gelencsér et al., 2003), and
it has been demonstrated that PAH exposed to sunlight does the same (Haynes et al.,
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2019), but the full pathway of PAH to HULIS has not been fully developed, and it
remained unknown which components of this pathway were responsible for OH
formation. Moreover, it was unknown if OH was an essential component to the formation
of HULIS, or if it could also form via other pathways.
The evidence presented here indicates that there is not a definitive correlation
between OH formation and HULIS growth. For example, photolysis of both 1-NAP and
2-NAP results in the formation of a significant number of new compounds as well as an
increase in light absorption (A2.2), changes that are consistent with HULIS formation.
However, of the two, only 1-NAP resulted in an appreciable concentration of OH after 16
hours; 2-NAP resulted in almost none.
This could be explained by their relative structures as well as the involvement of
other oxidizing agents, such as superoxide (O2-•). The contribution of other reactive
oxygen species was outside the scope of this investigation, but it is well documented that
O2-•, ozone (O3) and NOX also play a significant role in the photodegradation of PAH
(Vione et al., 2006). Due to the aqueous medium used here, and the absence of any
nitrogen-containing compounds, it is unlikely that O3 or NOX were major contributors in
this case. However, dissolved O2, resulting in O2-•, likely has large role in the photodegradation of oxPAH. 1-NAP, for example, readily oxidizes into NAPQ, likely via a
reaction pathway that is driven by dissolved O2 (Brahmia and Richard, 2005).
Indeed, NAPQ was observed in the GC-MS analysis of the insoluble fraction of
1-NAP samples, and, as we have shown, NAPQ results in a large concentration of OH
when exposed to simulated sunlight. Previous work has suggested that NAPQ redox
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cycling, involving the formation of a semiquinone radical ion, is a potential route for OH
growth from NAPQ in cellular systems (Shang et al., 2012), and it may be that this is the
case in the atmospheric aqueous conditions as well. Additionally, it has been reported
that 5H-1,4NQ in a DTT assay produces OH more than three times faster than NAPQ in
the same assay (Yu et al., 2018), so it is likely that 5H-1,4NQ is contributing to the OH
formation in the lighted reaction as well.
Conversely, 2-NAP does not form NAPQ because the hydroxy group is on C2
rather than C1. So, while its photo-degradation may occur along a similar pathway to 1NAP, and it still ultimately results in HULIS formation, the intermediate products and
reaction pathways do not result in OH production.
Additionally, it is likely that OH is being formed from 1-NAP directly. In addition
to NAPQ, 5H-1,4NQ was observed in the soluble fraction of 1-NAP reactions, likely via
one, or both, of the proposed reaction pathways shown in Scheme 3.1. This is similar to a
previously suggested reaction pathway (Brahmia and Richard, 2005). For the current
study, Hückel Molecular Orbital (HMO) localization energies were calculated (using the
Hückel analysis plugin in MarvinSketch by ChemAxion) for each moiety along the
proposed pathways (Figure 3.5). The lower the HMO localization energy, the greater the
potential for nucleophilic attack. The results indicated that C8 is the most likely point of
initial nucleophilic attack. Dissolved O2 can attack here, resulting in 8‐hydroperoxy-1naphthol ion. After that, the reaction can progress along one of two different pathways. In
the first, 8-hydroperoxy-1-naphthol ion loses an electron, resulting in a radical molecule,
as well as superoxide. In the radical form, the C4 location has the highest likelihood of
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nucleophilic attack, and the radical and superoxide can then form
4,8-dihydroperoxy-1-naphthol. This is followed by the loss of HOOH, resulting in 5H1,4NQ.
In the second pathway, a dissolved O2 molecule attacks the C5 position, resulting
in 5,8-dihydroperoxy-1-naphthol, which loses HOOH to again form 5H-1,4NQ. In both
cases, the HOOH is rapidly oxidized by light to form two OH radicals.

Scheme 3.1. Proposed pathway for the conversion of 1-NAP to 5H-1,4NQ.

Interestingly, neither anthraquinone investigated resulted in significant new
product formation in this study, but 9,10-ANTQ did result in a moderate amount of OH.
Because there is no new product formation from either anthraquinone, proposing a
pathway for OH formation is not as straightforward as with the naphthols. It is possible
that 9,10-ANTQ is excited into a triplet state, which then acts as a catalyst for the
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reduction of HOOH (Alegría et al., 1999), but this needs further investigation for
confirmation. Additionally, previous research indicates that 9,10-ANTQ, when exposed
to OH, results in oxidized products (Haynes et al., 2019; Miet et al., 2014). It is possible
that because there was an OH scavenger present in this reaction, that this pathway was
subverted.

Figure 3.5. HMO localization energy. The highlighted carbon is the point of most likely
nucleophilic attack for each of the molecules, 1-NAP (a), 8‐hydroperoxy-1-naphthol ion
(b), and 8‐hydroperoxy-1-naphthol radical(c).

3.5

Conclusion
In this study, we showed that OH certainly plays an important role in the

formation of HULIS and brown carbon from PAH compounds, but that other oxidative
agents also have a substantial role. Significantly, OH formation can occur with
compounds that do not appear to be photo-active. The OH radical is a very strong
oxidizing agent and understanding its sources is important for understanding potential
human health impacts as well as environmental effects. The rates of OH formation from
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different starting materials is an important piece of information when analyzing total
impact to the environment.
The atmospheric activity of PAH and their more toxic, oxidized derivatives is an
important area of study because of their ubiquitous nature in the environment, and their
ability to travel long distances from the source. Photo-aging takes place during this
transport, resulting in more toxic compounds potentially being deposited in the
environment far from the source.
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A2 Appendix
A2.1 Determination of p-HBA Yield
The yield of p-HBA from SBA (Yp-HBA) was determined by performing control reactions
using 1.26 mM SBA and 0.20 mM HOOH in 18 MΩ water. HOOH stock concentration
was verified by IR analysis prior to dilution. The mixture was exposed to simulated
sunlight and samples were collected hourly for four or five hours, followed by analysis
via HPLC. p-HBA concentration was determined using a five-point calibration curve of
standards mixed fresh prior to the analysis. The formation rate of p-HBA from SBA
(RSBA→p-HBA) and Yp-HBA was calculated for each sample (Table A2.1) using Equation 1
where jHOOH→OH,sun is the photolysis rate constant for the formation of OH in fullspectrum sunlight. This has been reported in literature as 2.4 x 10-6 s-1(Arakaki and Faust,
1998) and was used as reported.

Rxn Time (h) Observed [p-HBA] (μM) RSBA→p-HBA (M s-1) Yp-HBA
1
1.94
5.39E-10
1.12
2
3.48
4.84E-10
1.01
3
4.70
4.35E-10
0.91
4
5.80
4.03E-10
0.84
1
1.72
4.78E-10
1.00
2
3.05
4.24E-10
0.88
3
4.05
3.75E-10
0.78
4
5.11
3.55E-10
0.74
5
5.82
3.23E-10
0.67
Table A2.1. Results from two trials of SBA and HOOH under sunlight. Light grey
indicates trial 1, and white indicates trial 2.
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𝑌𝑝−𝐻𝐵𝐴 =

𝑅𝑆𝐵𝐴→𝑝−𝐻𝐵𝐴
𝑅𝐻𝑂𝑂𝐻→𝑂𝐻,𝑠𝑢𝑛

Eq. 1

where
𝑅𝐻𝑂𝑂𝐻→𝑂𝐻,𝑠𝑢𝑛 = 𝑗𝐻𝑂𝑂𝐻→𝑂𝐻,𝑠𝑢𝑛 [𝐻𝑂𝑂𝐻]0

Eq. 2

The yield of p-HBA decreased over the course of the reaction but remained near
unity for at least the first hour of both trials (Table A2.1 and Figure A2.1).

Figure A2.1. Yield of para-hydroxybenzoic acid (Yp-HBA) from control two reactions of
HOOH and sodium benzoate.
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A2.2 HULIS Formation
The formation of HULIS was determined by assessing the change in both new
product formation, as seen via HPLC, and an increase in light absorption, as seen by UVVis analysis (Figure A2.2). If there was a significant change to both criteria, the sample
was said to have formed HULIS. HULIS formed in all cases except for 1,4-anthraquinone
(1,4-ANTQ) and 9,10-anthraquinone (9,10-ANTQ). While there is a change in light
absorption for 1,4-ANTQ, there is no significant new product formation seen via HPLC.

Figure A2.2 HPLC (left) and UV-Vis (right) analysis of samples collected at the end of
16-hour reactions. Lighted samples are in red, and dark controls are in dark blue.
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A2.3 Identification of products from photolysis of 1-NAP
Several of the products formed during photolysis of 1-NAP were identified via
GC-MS analysis and confirmed via a NIST MS (Version 2.3) database comparison. 5H1,4NQ was identified by deconvolution of its MS pattern from the 1-NAP pattern that coeluted (Figure A2.3).

Figure A2.3. Top: mass spectrum of 5H-1,4NQ standard. Bottom: deconvoluted spectrum
obtained from lighted 1-NAP sample.
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Figure A2.4. GC-MS of unidentified compounds from 1-NAP photoreaction. Retention
times (RT) refer to the peaks on the GC spectra in Figure 4 in the main text. Background
noise has been subtracted.
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Chapter 4: Atmospheric aging of combustion-derived particles: impact on stable
free radical concentration and its ability to produce reactive oxygen species in
aqueous media
4.1

Abstract
Environmentally persistent free radicals (EPFR) are a pollutant found on fine

atmospheric particulate matter (PM2.5), particularly on PM2.5 formed from combustion
processes. EPFR are organic radicals that can endure in the environment for days to
years. Interest in the toxicity of EPFR has increased significantly in recent years, as it has
been shown to have substantial ability to form ROS, but little is known about how its
characteristics change as PM2.5 ages in the atmosphere. Here, we exposed newly
produced hexane-generated soot to simulated sunlight for 24 hours. Changes to the EPFR
characteristics of the particles were measured by electron paramagnetic resonance (EPR)
spectroscopy. The soot was then added to water and a second exposure to light was used
to measure hydroxyl radical (OH) formation from both photo-aged and dark-aged soot.
There were no changes to EPFR characteristics (spin concentration, g-factor, peak width,
or lineshape) due to the exposure to simulated sunlight, however the soot’s ability to form
OH was greatly reduced by photo-aging. Photoaged soot resulted in an almost 60%
reduction in OH formation over soot which had been aged in the dark for the same
amount of time.
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4.2

Introduction
Fine atmospheric particulate matter, particles smaller than 2.5 µm in diameter

(PM2.5), are a well-documented environmental problem. Because of their small size,
PM2.5 are able to penetrate deep into the lungs where they have been shown to cause
oxidative damage via the production of reactive oxygen species (ROS) (Feng et al., 2016;
Vidrio et al., 2009). PM2.5 has been linked to many cardiopulmonary health concerns
such as asthma, high blood pressure, and COPD (Chan et al., 2008; He et al., 2022;
Mallah et al., 2021), as well as diabetes (Brook et al., 2013, 2012) and cancer (Guo et al.,
2020; Katanoda et al., 2011). One of the primary sources of PM2.5 is combustion, from
sources such as automobile exhaust, power plants, and wildfires. Climate change has
already driven an increase in the number and severity of wildfires globally (Coop et al.,
2022), and there is evidence that PM2.5 from wildfires may be more hazardous than from
other sources (Aguilera et al., 2021).
PM2.5 can stay aloft for a very long time and can travel hundreds of miles from its
point source. During this time it is subjected to various environmental conditions, such as
weather, sunlight, and interaction with atmospheric gasses like NO X, SOX, or reactive
oxygen species (ROS) (e.g. OH, O3, O2-•), all of which can alter the chemical
composition of its components, resulting in aging of the particles (Donahue et al., 2009;
Liu and Chan, 2022). Additionally, PM2.5 has been shown to contain significant
concentrations of environmentally persistent free radicals (EPFR) (Chen et al., 2018;
Runberg et al., 2020), a newly identified class of pollutant. Radicals are chemical species
with at least one unpaired electron and typically are very reactive, with lifetimes on the
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scale of nanoseconds. EPFR, however, persist for days, weeks, or even years in the
environment making them a significant contaminant (Gehling and Dellinger, 2013).
EPFR are generally carbon- and oxygen-centered radicals, and have been shown to form
from the same combustion systems that result in PM2.5 (Wang et al., 2019). Both PM2.5
and EPFR have been reported to induce ROS formation (Arangio et al., 2016;
Khachatryan et al., 2011; Tong et al., 2018), and it is probable that the EPFR component
is a significant contributor the ability of PM2.5 to form ROS.
To date, little is known about the impacts of atmospheric aging on EPFR bound to
PM2.5, such as its character, concentrations, or its ability to mediate ROS formation.
PM2.5 is comprised of a complex matrix of aromatic and aliphatic compounds, elemental
carbon, metals, sulfates, nitrates, and other components, and how it evolves during
atmospheric aging has not been fully investigated. One of the key components of PM2.5 is
soot, which contains EPFR, and as such it was chosen as a surrogate for environmental
PM because its age and environmental encounters could be controlled.
In this study, the EPFR characteristics of fresh hexane-derived soot is compared
to soot that has been photo aged. EFR concentrations and characteristics are measured by
electron paramagnetic resonance (EPR) spectroscopy, Fourier-transform infrared (FT-IR)
spectroscopy, and gas chromatography mass spectrometry (GC-MS) before and after
illumination under a solar simulator. Additionally, the ability of the both the photo-aged
and non-aged soot to produce OH in aqueous media is studied, and the EPFR
characteristics of the soot after OH formation is also investigated.
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4.3

Methods and Materials

Figure 4.1. Schematic of photo-aging experimental setup. Hexanes were burned and
resultant soot was collected (A). That soot was divided, and half was exposed to
simulated sunlight for 24 hours (B) and half was kept in the dark (C). The soot from each
was then added to water to make a slurry. The soot slurries were then divided in half, and
one was exposed to simulated sunlight for 16 hours (E and G) and the other was kept in
the dark (D and F). Soot characterization was done at each Stage (I, II, and III), via GCMS, FT-IR and EPR. OH concentrations were measured for Stage III.

4.3.1

Photo-aging of combustion particles
Stage I: Hexane derived soot was produced as previously described (Runberg et

al., 2020) by using a diffusion flame with a glass funnel inverted above the flame to
accumulate the soot. The soot was collected from the funnel into a disposable aluminum
baking dish (Reynolds KITCHENS® mini loaf pan) as soon as it was cool enough to handle
(Figure 4.1-I).
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Stage II: The bulk soot was divided roughly evenly between two additional
baking dishes. One dish was placed under a xenon lamp solar simulator (Oriel Sol 1A,
Newport Solar Simulator equipped with an AM 1.5 Global filter) calibrated to one sun at
the North American zenith, and the other was kept in the dark by covering it with
aluminum foil and allowed to age for the same duration as the illuminated sample. The
soot was aged in this manner for 24 hours (Figure 4.1-II). This process was completed
twice, once to produce soot for photoreactions in step III which included an OH probe,
and once for reactions executed without an OH probe.
Stage III: After the soot had been aged for 24 hours, either with or without light, it
was combined with ultra-pure water (18 MΩ) (Figure 4.1-III) and stirred overnight to
create a well-mixed suspension, or slurry. The final soot concentration was 45 ± 0.5 ppm
(m/v) for slurries that were used for OH measurements, and 118 ± 2 ppm (m/v) for
slurries used for all other analyses. Slurry concentrations for non-OH analyses were
higher to allow for enough soot to be collected after the photoreactions. For these
samples, the reactants were poured into clean baking dishes and dried overnight in an
oven set to 50℃. Once the soot was dry, it was collected for further analysis.
Sodium benzoate (1.0 mM) was added as an OH scavenger to slurries which were
used to measure OH concentrations just prior to the photoreaction. Samples of the
prepared slurry were poured in to two Teflon reaction vessels for the aqueous reaction in
Stage III. Both reaction vessels were placed into water-cooled, jacketed glass beakers
which were kept at 25℃. One was located under the solar simulator and the other was
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covered with aluminum foil to keep it dark. The slurries were stirred continuously for the
16-hour reaction time.
4.3.2

EPR Analysis
Samples of soot between 0.4 – 0.9 ± 0.1 mg (measured exactly) were collected in

triplicate in 1.5 mm ID Pyrex closed-bottom capillary tubes after each stage of photoaging for later EPR investigation; samples were capped with Critoseal and stored in a
freezer until analysis. EPR analysis and EPFR characterization of soot samples were
performed using previously described methods (Runberg et al., 2020). EPFR
concentrations were measured using the built-in spin-count feature available in the
Bruker EMXnano Xenon software, see Table 4.1 for Q values and frequencies obtained.
Spin counts were determined in triplicate for each sample and averaged. Lineshape
evaluation, including g factors and Gaussian and Lorentzian line contributions, was
performed using least squares analysis available in the EasySpin (easyspin.org) package
available in MATLAB. Triplicate soot samples were averaged together for final lineshape
analysis.
4.3.3

Determination of [OH] via HPLC
Sodium benzoate (SBA) was used as an OH probe because it readily forms para-

hydroxybenzoic (p-HBA) acid when exposed to OH radicals (Wu et al., 2017); p-HBA is
relatively stable and easily quantified via high performance liquid chromatography
(HPLC). SBA (1.0 mM) was added to soot slurries just prior to beginning the
photoreaction. Aliquots of approximately 5 mL of soot slurry were collected before and
after 16-hour photoreactions and filtered using 0.2µm, 25 mm diameter Whatman
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polypropylene filters. Filters were rinsed with a minimum of 15 mL ultrapure water prior
to filtering. Filtrate was analyzed with no further modification via HPLC using the
method described previously (section 3.3.3). Each sample was run in triplicate and
averaged.
Fresh p-HBA standards were prepared in ultrapure water on the day of analysis,
with a limit of quantification of 0.11 ± 0.06 µM. Final OH concentrations were
determined by dividing the measured p-HBA by the fraction of OH that forms p-HBA
after 16 hours, previously determined to be 0.56 (Runberg and Majestic, 2022).
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2.0057

Gaussian
(mT)
0.0817

Lorentzian
(mT)
0.5066

Soot density
(mg mm-1)
0.052

3.24E+16

± 1.26E+14

9.658

2.0055

0.0668

0.5046

0.056

3.50E+16

± 3.48E+14

4105

9.659

2.0056

0.0099

0.5244

0.104

1.95E+16

± 1.58E+15

Dry photo-aged soot 1

4105

9.659

2.0055

0.0523

0.5232

0.076

2.93E+16

± 2.00E+14

Dry photo-aged soot 2

3518

9.658

2.0056

0.0907

0.4908

0.086

3.16E+16

± 2.65E+14

Dry photo-aged soot 3

4105

9.659

2.0056

0.0299

0.5216

0.081

2.85E+16

± 4.16E+15

Dry dark-aged soot 1

4104

9.659

2.0057

0.0818

0.4877

0.108

2.57E+16

± 2.89E+14

Dry dark-aged soot 2

4104

9.657

2.0057

0.0808

0.4867

0.100

3.11E+16

± 1.52E+16

Dry dark-aged soot 3

3518

9.659

2.0056

0.0548

0.5242

0.067

4.36E+16

± 1.72E+15

Dark-aged soot, dark OH 1

4105

9.660

2.0056

0.2084

0.4089

0.161

3.13E+16

± 7.81E+14

Dark-aged soot, dark OH 2

4105

9.660

2.0055

0.2123

0.4059

0.180

2.87E+16

± 2.08E+14

Dark-aged soot, dark OH 3

3519

9.660

2.0056

0.2100

0.4039

0.178

2.82E+16

± 1.13E+15

Dark-aged soot, light OH 1

4105

9.659

2.0056

0.2152

0.3934

0.200

2.42E+16

± 2.00E+14

Dark-aged soot, light OH 2

4105

9.660

2.0056

0.2101

0.4062

0.167

3.37E+16

± 1.15E+15

Dark-aged soot, light OH 3

4105

9.660

2.0056

0.2078

0.4073

0.180

3.03E+16

± 1.65E+15

Photo-aged soot, dark OH 1

4105

9.659

2.0055

0.2393

0.3754

0.220

2.58E+16

± 7.21E+14

Photo-aged soot, dark OH 2

3518

9.659

2.0056

0.2266

0.3809

0.236

2.29E+16

± 5.96E+15

Photo-aged soot, dark OH 3

4105

9.659

2.0056

0.2262

0.3813

0.244

2.72E+16

± 1.08E+15

Photo-aged soot, light OH 1

3519

9.661

2.0056

0.2238

0.3790

0.193

2.93E+16

± 5.48E+15

Photo-aged soot, light OH 2

3518

9.660

2.0056

0.2288

0.3792

0.207

2.92E+16

± 3.46E+14

Photo-aged soot, light OH 3

3518

9.658

2.0056

0.2274

0.3794

0.227

2.61E+16

± 7.64E+15

Sample

Q Value

Freq (GHz)

g factor

Fresh soot 1

4105

9.659

Fresh soot 2

4104

Fresh soot 3

Table 4.1. EPR data for each soot sample collected. Samples were collected in triplicate from each batch.

spins mg-1

4.3.4

GC-MS Analysis
A simple organic extraction was done to obtain the organic soluble fraction of

soot for analysis via gas chromatography mass spectroscopy (GC-MS). Soot from each
stage of the photo-aging process was extracted into acetonitrile (ACN) by submerging a
small amount into an aliquot of ACN and allowing it to soak overnight. The ACN was
then filtered using a 0.2 µm PP Whatman filter to remove any remaining soot particulate
before examination via an Agilent 7820A GC system coupled to a 5977B GC/MSD. A
previously described GC-MS method was used (section 3.3.4) and mass spectral analysis
was preformed using Agilent MassHunter Qualitative Analysis Navigator (B.08.00) and
NIST MS Search (2.3).
4.3.5

FT-IR
Fourier-transform infrared spectroscopy (FTIR) was done for all samples to assess

any changes to functional groups as the soot is aged. The system used was a D5 ATR
Diamond, Thermo Scientific spectrograph. Analysis was performed by doing 30 scans
per sample.
4.4
4.4.1

Results and Discussion
EPFR Characterization
There was no significant difference in EPFR concentration at any phase of the

soot aging process. Concentrations of EPFR ranged from (2.5 ± 0.3) x 1016 spins mg-1 to
(3.4 ± 0.6) x 1016 spins mg-1 (Figure 4.2 and Table 4.1), concentrations that are consistent
with previous soot and biochar studies (Runberg et al., 2020; Sigmund et al., 2021; Tian
et al., 2009). There was no change observed to the g-factor of the soot either, which was
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between 2.0056-2.0057 for all samples, and is consistent with the g-factor of an organic
radical which range between 1.99 and 2.01 (Zhao, 2022). More granularly, the g-factor
for o-nitrophenol has been reported as between 2.0056−2.0061 (Chen et al., 2019), and it
is likely that there is a significant nitro-component to the soot studied here. It should be
noted that changes in g-factor indicate a change in radical type, which was not observed
in this study. However, this g-factor is significantly higher than the g-factors reported in
our previous study (Runberg et al., 2020), which were 2.0028 ± 0.0001. The soot for both
studies was obtained in an identical manor, but the current study appears to have a much
higher concentration of oxygen-centered radicals. This is likely due to the use of a
diffusion flame, which cannot control the air-to-fuel ratio. While it is outside the scope of
this study, it would be useful to control for this factor in future investigations.
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Figure 4.2. EPFR measurements from soot samples at each step of the aging process (AG). Three samples were collected from each phase of soot, and spins were calculated in
triplicate for each sample. Average is shown as a white triangle.

There was no difference in peak width (ΔBp-p) between any of the dry samples
(fresh, photo-aged and dark-aged soot), indicating no impact to peak width from the
photo-aging of dry soot. However, there were small but statistically significant
differences between the dry and the wetted samples (t-tests done at 95% certainty, with p
< 0.05) (Figure 4.3).
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The ΔBp-p decreased for both aged soot samples upon submersion and agitation in
water, regardless of exposure to light. For soot that had been photo-aged dry, ΔBp-p
decreased 4.4% in the dark and 5.7% when exposed to light. For soot that had been darkaged dry, ΔBp-p decreased 5.2% in the dark and 5.8% when exposed to light.
Additionally, when comparing the ΔBp-p of the wetted soot samples, soot that had been
kept in the dark for dry-aging had ΔBp-p 2.3% smaller than soot that had been dry-aged in
light.

Figure 4.3. Box plot of peak-to-peak widths (ΔBp-p) for each of the soot stages. Error bars
are the standard deviation of three trials. Average is shown as white triangle.
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EPR lineshapes were also seen to change in the wet portion of the aging process,
with a significant decrease in Lorentzian character and an increase in Gaussian character
(Figure 4.4) indicating a decrease in the homogeneity of the EPFR environments in the
soot and an increase in hyperfine interactions. Gaussian contribution increased from an
average of (0.0610 ± 0.0271) mT across stages I and II to (0.2197 ± 0.0103) mT in stage
III, an increase of 133%. Lorentzian contribution decreased 17% from a combined
average of (0.5078 ± 0.0163) mT for dry soot to (0.3917 ± 0.0137) mT wetted soot. This
is an indication that the variability of electron environments within the sample increased
with exposure to the water, but not to the light. This is counter to our previous study
which did not result in any lineshape changes due to exposure to water. However, in that
study, the soot was submerged and not agitated. So, the lineshape change seen here is
likely due to the continuous agitation that occurred, which broke up large soot fragments,
and not the exposure to light. A significant increase in soot density was observed between
dry soot, and soot that had been wetted (see Table 4.1).
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Figure 4.4. Changes in Gaussian and Lorentzian contributions to the EPR lineshape.

4.4.2

OH Formation
The formation of OH was measured only in aqueous conditions, for soot that had

previously either been photo-aged or dark-aged for 24 hours while still dry. No
measurable OH was observed in either of the dark reactions (Figure 4.1, samples D and
F). For soot slurries that were exposed to light, soot that had been photo-aged dry for 24
hours had the lowest OH concentrations at 0.38 ± 0.02 µM. This is lower than controls
done in ultrapure water which were (0.52 ± 0.06) µM. Soot that had been dark-aged dry
for 24 hours prior to the photoreaction in water resulted in significantly higher
concentrations of OH with (0.89 ± 0.05) µM (Figure 4.5). This is consistent with
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previous studies that reported a decrease in ROS activity in aged PM (Gehling et al.,
2014; Tong et al., 2018).

Figure 4.5. Concentrations of OH measured from lighted reactions of soot that had been
previously aged for 24 hours in the light (E), aged for 24 hours in the dark (G) and an
ultrapure water control.

4.4.3

GC-MS and FTIR
GC-MS analysis was done to qualitatively determine if there was a change in the

number of organic soluble compounds in the soot at different stages of the aging process.
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In dry soot, only one compound was seen, at retention time of 9.13 min, but there were
several new peaks seen in for all samples that had been submerged in water (Figure 4.6).
Mass spectral comparisons to the NIST MS database did not definitively identify any of
the compounds, but all display a distinctly hydrocarbon-like fragmentation pattern
(Figure 4.7).
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Figure 4.6. Gas chromatograms of soot at each step of the aging process.
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Figure 4.7. Mass Spectra of select peaks from the GC obtained from “Light->Dark” soot
extracted into acetonitrile. Retention times refer to those seen in Figure 4.6.

4.4.4

Fourier transform infrared (FTIR) spectroscopy
Fourier transform infrared (FTIR) spectroscopy was done for all soot samples to

assess changes in functional groups. All dry soot samples appear nearly identical,
indicating no changes to functionality via dry aging. There is new peak formation in all
samples that had been wetted, indicating that the change is likely due to the prolonged
agitation in water rather than due to photoreactions of the soot or with any OH formed
during the reaction. New peaks were observed at about 2915 cm-1 and 2850 cm-1,
consistent with an increase in C—H stretch, and at 1207 cm-1 and 1140 cm-1, which
indicate a C—O stretch (Figure 4.8).
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Figure 4.8. FTIR spectra of all soot samples.

4.5

Conclusion
In summary, EPFR characteristics of soot, such as g-factor, line shape, peak

width, and spin concentration, do not change upon photoaging. However, breaking down
the particles via agitation in water does impact the EPR line shape and peak width, but
not the g-factor or spin concentration. Additional light exposure, while in water, does not
impact these changes any further.
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Fresh soot’s ability to generate OH is impacted by photoaging. Soot that is not
aged by exposure to light produced almost 60% more OH than photoaged soot did. In
fact, photoaged soot may have a suppressive effect on the oxidative potential of the
aqueous environment, as the water-only control resulted in more than 25% more OH than
the photo-aged soot.
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Chapter 5: Summary and Future Work
The impacts of combustion related PM2.5 on human health have been well
documented, but the specific components that cause this toxicity are still not fully known.
This work adds to the body of knowledge surrounding the chemical reactions of two of
the components of PM2.5, EPFR and PAH, as well their chemical characteristics during
aging. Both EPFR and PAH have been identified in all aspects of the environment, and
both have documented health effects. EPFRs are a relatively new area of study, and much
remains unknown regarding their formation and ageing processes. Currently, there are no
environmental standards for EPFR exposure, and they are unmonitored by any
environmental agency. Better understanding of how EPFR form and how they are
transformed by environmental aging is critical to understanding – and hopefully
mitigating – the health and environmental impacts that have been associated with them.
The first chapter of this dissertation introduces atmospheric particulate matter,
and several of its major components, with known and suspected health and environmental
impacts. The first is environmentally persistent free radicals (EPFR), which can endure in
the environment for a very long time. EPFR have been linked to oxidative damage in the
lungs when inhaled on small particulates. The other is polycyclic aromatic hydrocarbons
(PAH) which have known health impacts on their own, and which can rapidly oxidize in
atmospheric conditions to more toxic derivatives (oxPAH). Additionally, photo-oxidized
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PAH evolve toward the formation of brown carbon and humic like substances (HULIS),
which have climate and environmental impacts.
Chapter two discusses the stability of EPFR on combustion derived particles in a
laboratory environment. Additionally, it was determined that EPFR could be detected in
environmental samples of PM2.5 that had been collected over a much shorter time interval
than previously reported. First, hexane-derived soot particles were generated in the lab
and half was submerged in water and allowed to dry. EPFR characteristics, such as gfactor, peak width, and EPFR concentration, were measured for both halves.
Additionally, changes to the EPFR characteristics over the course of 88 days of aging in
ambient laboratory conditions was studied. It was found that submersion of these
particles in water does not impact the EPFR characteristics of particles. It was seen that
soot EPFR concentrations do degrade over time, however, and the largest degradation
was observed within the first 38 days. To further this study, it would be useful to take
EPR measurements at more frequent intervals during the first 30 days of aging, since this
is when most of the degradation was reported.
Chapter three investigates the ability of the parent PAH anthracene (ANT), and
several of its derivatives, to generate hydroxyl radicals (OH) during photo-oxidation in
aqueous media. It has been previously reported that the formation of OH usually
accompanied the growth of HULIS, however research presented here showed that OH is
not obligatory for HULIS formation. In one example, the isomers 1-naphthol (1-NAP)
and 2-naphthol (2-NAP) both result in HULIS after 16 hours of illumination, but only 1NAP resulted in any appreciable OH formation. This was attributed to the differences in
101

their molecular configuration and the probable involvement of additional reactive oxygen
species, such as superoxide. Another isomer pair, 1,4-anthraquinone (1,4-ANTQ) and
9,10-antheaquinone (9,10-ANTQ) had a similar result, except that in this case, no HULIS
was formed from either of these oxPAH. Clearly other ROS are involved, and a pathway
for 1-napthol which involves superoxide was suggested.
Future research could expand on these findings by delving into which other ROS
are being generated and at what concentrations. This would provide a more complete
picture of the chemical reactions a PAH undergoes as it transforms into HULIS. Our
study used benzoate as an OH scavenger, with analysis via HPLC, but there are other
compounds which have been shown to work well to trap other ROS species as well. A
reaction pathway was suggested (Scheme 3.1) that produced superoxide (O2-•), and
clarification of this step would be useful. One commonly used chemical probe for
detection of O2-• is hydroethidine (HE), which, when exposed to O2-•, forms 2hydroxyethidium which fluoresces red. HE is used extensively in biological systems
(REFS), but little prior data is available for use in environmental aqueous systems such as
the simulated cloud droplets described in this document, nor have the effects of
photoirradiation on the probe been studied. Because of this, extensive method
development would be required.
Another option for studying O2-• formation is via EPR analysis. Two frequently
used ROS spin-trapping agents are 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide
(BMPO) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). BMPO forms a relatively
stable adduct with both OH and O2-•, and DMPO is highly selective to OH. One
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drawback to using these probes is that their half-lives are still somewhat short; the
BMPO-O2-• adduct has a t1/2 of about 23 minutes while DMPO-O2-• has a half-life of only
35-80 seconds before it decomposes to the OH adduct, which can overestimate the
concentrations of OH (Cabrellon et al., 2020). But used together they can be a reliable
way to determine both OH and O2-• formation. A second drawback is that both these
probes degrade upon irradiation and must be added to individual aliquots just prior
analysis. Because of this, these can provide instantaneous ROS formation rates, but not
cumulative concentration data.
Another aspect of this research that deserves investigation is the potential
relationship between HULIS and EPFR. HULIS and EPFR share basic characteristics,
namely aromaticity and many oxidated functional groups. It has been shown previously
that humification in soil and water systems results in EPFR formation, and it is likely that
EPFR develop as HULIS arises from the photolysis of PAH. Confirmation of this would
identify a new pathway of EPFR formation not previously reported.
Finally, chapter four investigated the intersection of EPFR and OH formation by
investigating how the photoaging of combustion particles impacts its EPFR
characteristics, as well as its ability to generate OH. Here we found that photoaging soot
did not result in significant changes to the composition of the persistent radicals within,
however, photoaging soot did inhibit its ability to produce OH radicals in water.
In the future, it would be worthwhile to obtain a better understanding of the
chemical makeup of the soot, as well as control for the air-to-fuel ratio, as that has been
shown to have an impact on EPFR concentrations. While the speciation of soot
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components is often difficult, it may be possible by using more advanced extraction
techniques, such as solid phase micro extraction (SPME), which does not require any
solvent, and analyzing the results via GC-MS. This has been done previously to
characterize flame soot from three types of fuel (Zhi et al., 2013).
The importance of particle size on the characteristics of EPFR should not be
ignored. We showed that agitation in water resulted in the largest shifts in EPFR
characteristics. Controlling for particle size – either by surface area analysis, or by size
exclusion via impact or cyclone sampling would be wise.
Finally, the incorporation of “wildfire-type” soot analysis would be an important
next step. Due to global climate change, the number of wildfires worldwide is expected to
continue to increase, and recent research suggests that PM from these events is more
hazardous to human health than from other sources. Different fuel sources, such as pine
trees consumed in a forest fire versus grass from a grass fire, result in different soot
fingerprints, and may result in different types of EPFR and should be investigated.
Additionally, the impact of transition metals such as iron and copper on EPFR character
of wildfire soot has not been fully elucidated.
The chemistry of air pollution is a complex topic with many facets – particulate
matter, atmospheric gasses, humidity, and weather to name a few – and there is
significant overlap and interplay among these aspects which complicates interpretation of
the health impacts. Understanding how the components of PM2.5 are modified during
atmospheric aging is crucial to managing air quality.
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